The tribological properties of nanostripe surfaces were investigated to examine the effects of lubricant additives. The authors fabricated a nanostripe structure by depositing an Au-Cr multilayer film on a microscale slope array and mechanical polishing. Au and Cr flat surfaces were also prepared for comparison. Friction tests were performed using a pin-on-plate tribometer. After the friction tests the surfaces were analyzed using X-ray photoelectron spectroscopy (XPS). Poly-alpha-olefin (PAO) and PAO with acid phosphate ester (APE) were used as the lubricants, and the pins were made of glass. The results of the friction tests showed that APE effectively reduced the friction coefficients and wear for the Au-Cr nanostripe surface, Au flat surface and Cr flat surface.
Introduction
Improving the tribological system is important for protecting the environment and utilizing resources. Lubricants, materials, and surface texturing are key factors in improving tribological properties, and it is important to understand the effects of those factors upon the tribological properties. Regarding lubricants, the additives they contain play an important role. Additives normally reduce friction and wear, especially in the boundary lubrication regime and mixed lubrication regime. It is known that wear and friction performance in the boundary lubrication regime is controlled mainly by the additives which form tribofilms on the contacting surfaces [1] . Therefore, knowing the reactions between surface materials and additives and finding optimal combinations of surface materials and additives are important factors for achieving a suitable tribological system. Regarding the reactions between surface materials and additives, a model surface, using controlled combinations of surface materials, material coverage and domain sizes of each material, is effective for understanding the effects of the reactions between surface materials and additives upon tribological properties. However, the materials used in industrial fields are normally alloys like iron and steel, which contain several elements and complex structures, making it difficult to control the surfaces. Therefore, a new model surface containing multiple elements was required.
Textured surfaces have been used to improve tribological properties in various applications including the sliding guideways of machine tools [2] , sliding contact elements [3] [4] [5] [6] , mechanical face seals [7, 8] and magnetic storage disc surfaces [9] [10] [11] . Many studies have shown that surface texturing exhibits good performance from boundary lubrication to fluid film lubrication [12] [13] [14] . Patterned surfaces can act as oil reservoirs and entrap wear particles. The shapes of such surface patterns are usually dimples or grooves, and most texture sizes are at micrometer scale. For fluid film lubrication in particular, such micrometer-sized dimples and grooves aid in the film formation of the lubricating oil. As a result, surface texturing seems to reduce the friction coefficients. However, surface textures are worn away with use.
To overcome this shortcoming of surface textures, we have developed a novel nanopatterning method for nanostripe fabrication that incorporates a multilayer film and a microscale slope array [15] . We have previously examined the tribological properties of the nanostripe surfaces [16] fabricated with our method. Nanostripe surfaces can be considered to be robust against wear. Nanostripe surfaces are also suitable for use as a model surface to examine the effects of lubricant additives on surface materials because the nanostripe surface materials, nanostripe size and coverage of each material can be controlled. We chose an Au-Cr nanostripe surface in this study. Au is a soft and inert metal. On the other hand, Cr is a hard metal and forms a thin oxide surface layer. Therefore, Au and Cr have different chemical properties and exhibit different hardness. We used metals having different properties to examine the chemical reaction between additive and surface materials. In this study, we fabricated Au-Cr nanostripe surface consisting of two kinds of materials as well as a deposited flat surface material as a reference, and examined the effects of the lubricant additives on their tribological properties.
Experimental Method

Nano-stripe structure fabrication method
The details of the fabrication method have been described elsewhere [15] . The nanostripe structures were formed in three steps: shape processing, film forming, and polishing as shown in Fig. 1 . First, we fabricated a microscale slope array structure by anisotropic etching on a monocrystalline silicon wafer. Then, we deposited an Au-Cr multilayer film on the microscale slope array structure. Finally, we polished the microscale slope array covered with the multilayer film. The thickness of each layer was 150 nm and the total thickness of the multilayer was 900 nm. In this study, we also used flat surfaces deposited with Au and Cr to examine the effects of the surface material apart from the nanostripe structures. The samples used in this study are summarized in Table 1 .
Friction tests
The frictional properties were examined using a pin-on-plate tribometer developed in-house (cf. Fig. 2 ). Linear reciprocating friction tests were performed. The sliding speed was varied in sinusoidal and its average value was 1.0 to 10.0 mm/s (0.1 to 1.0 Hz), and the stroke was 5 mm. The normal load was varied from 9.8 to 98 mN and the mean Hertzian contact pressure was approximately 53 to 116 MPa. In the friction tests, we varied the sliding speeds and the normal loads at the same position. Figure 3 shows the sequence of the variation of the sliding speeds and the normal loads. The sliding distance of one sequence was 195 m. The experimental temperature was 298 K. The pins were made of borosilicate glass (Pyrex), with a diameter of 3 mm and a length of 20 mm. In preparation for the tests, the pins were cleaned in acetone, ethanol and deionized water, and then dried at 393 K for 10 min. After the cleaning, the ends of the pins were flame-annealed to produce a smooth surface. Poly-alpha-olefin (PAO) and PAO containing 0.3 mass% acid phosphate ester (APE) were used as lubricants. The density of PAO is 0.835 (g/cm 3 ) at 288 K and its viscosity index is 137. The kinematic viscosity is 66 mm 2 /s at 313 K and 10.0 mm 2 /s at 373 K. 
Surface analysis
The effects of the additives on the surface chemical states were examined using X-ray photoelectron spectroscopy (XPS). XPS spectra were recorded using a Thermo Fisher Scientific, K.K. Theta Probe XPS system with a monochromatic Al-Kα X-ray source (1486.6 eV). The base pressure of the XPS system was less than 1.3 × 10 -7 Pa. The XPS settings were X-ray power: 10 W, pass energy of the analyzer: 100 eV, and take-off angle of the photoelectrons: 90 deg. The beam spot was 100 m. The peak area was normalized by a sensitivity factor for each element at 1.00 for C(1s), 2.93 for O(1s), 11.67 for P(2p) and 17.1 for Au(4f). The binding energies were corrected by using as an energy standard the Au (4f 7/2 ) peak (84.0 eV) for the Au-Cr nanostripe surface and the Au flat surface, and the Cr (2f 3/2 ) peak (574.1 eV) for the Cr flat surface. The spectra were obtained on the wear portion of each surface after the substrate was cleaned using a mixture of acetone and petroleum benzine. Figure 4 shows the average friction coefficients for five minutes using the base oil (PAO) and base oil plus an additive (PAO+APE) on the Au-Cr nanostripe surface (a), Au flat surface (b) and Cr flat surface (c). The average friction coefficients of bare Au flat surface without lubricants are also shown in Fig. 4(b) . The average sliding speed was 1 mm/sec, and the normal load was 9.8 mN, 29.4 mN and 98.0 mN. The sliding direction of the friction tests on the Au-Cr nanostripe surfaces was parallel to the nanostripe. The friction coefficients when using PAO were higher than those when using PAO+APE, indicating that APE reduced the friction coefficients for all surfaces. The friction coefficients of the Au surface were the lowest for all three kinds of surface when lubricants were used and those of the Cr flat surface were the highest. It is well-known that Au acts as a solid lubricant and reduces the friction coefficient, and this could explain the resulting low friction coefficients of the Au surface. The friction coefficients were higher on the Au flat surface without lubricants than those when using lubricants, indicating that the lubricants reduced friction coefficients of the Au flat surface.
Results and Discussions
Friction measurements
To examine the effects of the additives on wear, we observed the glass pin surfaces using confocal laser scanning microscopy after the friction tests performed in the sequence shown in Fig. 3 . Wear was also observed on the Au-Cr nanostripe and on the Au and Cr flat surfaces. However, it was easier to compare the size of the wear by observing the glass pin surfaces than the Au-Cr nanostripe and Au and Cr flat surfaces. Figures 5 to 7 show confocal microscopy images of the wear cross sections of the glass pin surfaces after the friction tests tested using PAO and PAO+APE. For the pins that were slid against the Au-Cr nanostripe surface when using PAO, wear was observed more clearly than that when using PAO+APE (cf. Fig. 5(a, b) ). Moreover, the wear diameter when using PAO, wear was larger and the surface roughness of the wear surface was higher than that when using PAO+APE. Therefore, APE reduced both the friction coefficients and wear. Figure 6(a, b) shows images of the glass pins and Fig. 6(c, d) shows the cross sections of pins after sliding on the Cr flat surfaces. The pin wear was higher than that when sliding on the Au-Cr nanostripe surfaces. As shown in Fig. 6(a, c) , several scratches can be observed which were caused by wear debris that was generated during the friction tests. Figure 7(a, b) shows images of the pins after sliding on the Au flat surfaces. The wear areas of the pins are highlighted within the black outlines in Fig. 7 , and they were not clearly observable. In previous research, the hardness of Au film and Cr film has been investigated by Wierenga et al. [19] who determined the ultramicrohardness of various metal films through indentation experiments. They reported finding that the ultramicrohardness of Cr film was more than ten times as large as that of Au film. In our present study, the wear of the pin sliding against the soft Au surface was smaller than that against the hard Cr surface, indicating that the hardness of each metal affected the wear of each metal in the friction conditions of this study. The friction coefficients and wear shown in Figs. 4 to 7 exhibited the same tendency. The friction coefficients and wear of Cr flat surface were highest and those of the Au flat surface were the lowest, indicating that the hardness of the surface affected the friction properties in the friction coefficients of this study, but the effect of the surface texture was small in the friction condition of this study.
XPS analysis
To examine the surface chemical states after the friction tests of the sequence shown in Fig. 3 , XPS analysis of the nanostripe and flat surfaces was performed. First, we examined the ratio of the Au and Cr on the Au-Cr nanostripe surface from the XPS peak ratio. The ratio of the Au to Cr was approximately 7 to 3 and Si was not detected on the Au-Cr nanostripe surface, indicating that both Au and Cr were present on the surface. Figure 8 shows the XPS spectra of the nanostripe and flat surfaces in the C(1s) region. For the Au flat surface shown in Fig. 8(c, d) , a strong peak assigned to aliphatic chains and a shoulder peak in the higher binding energy region can be seen. The peak shift in the C(1s) region was not observed due to the addition of APE. On the other hand, for the Cr flat surface shown in Fig. 8 (e, f) the peak shift was observed due to the addition of APE. When PAO was used, the strong peak appeared at 285.2 eV, which was assigned to the aliphatic chains of PAO [17] . However, when PAO+APE was used, the strong peak appeared at 286.0 eV, which was assigned to carbon of C-O-CO and C-O-P, indicating that a boundary lubricant film containing phosphorus compounds had formed when sliding with PAO+APE, and this film remained on the Cr flat surface and served to reduce the friction coefficients and wear. Several peaks were observed for the Au-Cr nanostripe surfaces after sliding using PAO as shown in Fig. 8(a) . One strong peak was assigned to aliphatic chains and other shoulder peaks were assigned to carbon bound to oxygen. When APE was added (cf. Fig. 8(b) ), the shapes of the shoulder peaks changed and parts of the shoulder peaks could be assigned to C-O-P, indicating that compounds containing phosphorus formed during friction tests and remained on the surface after cleaning. Figure 9 shows the XPS spectra of the nanostripe and flat surfaces in the O(1s) region. For the Au-Cr nanostripe surface and Au flat surface shown in Fig. 9(a,  b) , spectra in the O(1s) region hardly changed. A peak was observed at 532.2 eV on the Au-Cr nanostripe surface and at 532.0 eV on the Au flat surface. These peals were assigned to oxygen bound to carbon. However, for the Cr flat surface (cf. Fig. 9(c) ), a peak shift due to the addition of APE was observed. When PAO was used, a peak containing two peaks was observed and they were assigned to chromium oxide (530.4 eV) and oxygen bound to carbon (532.0 eV). On the other hand, when PAO+APE was used, a strong peak was observed at 533.8 eV and a shoulder peak was observed at 531.5 eV, which was in the lower binding energy region. The strong peak was assigned to oxygen bound to carbon and phosphorus, and the shoulder peak was assigned to phosphate. These results showed that phosphorus compounds had formed during the friction test using PAO+APE and remained on the surface after it was cleaned. Figure 10 shows the XPS spectra of the nanostripe and flat surfaces in the P(2p) region. For all surfaces, a peak assigned to phosphorus was observed only when PAO+APE was used. The P(2p) spectra were the convolution of the 2p 3/2 and 2p 1/2 components, due to spin-orbit coupling. The maximum peaks in 2p 3/2 were observed at 134.2 eV and at 134.1 eV on Au-Cr nanostripe surface and Au flat surface, respectively, and they were assigned to phosphate [18] . On the other hand, a peak was observed at 134.9 eV on Cr flat surface which was assigned to polyphosphate [17] , indicating that polyphosphate had formed on the Cr surface during the friction test.
In Figs. 8 to 10 , the XPS spectra on the Au flat surface showed the same tendency when using PAO and PAO+APE. On the other hand, spectra on the Cr flat surface showed that the chemical states of the products which remained on the surface were different when using PAO than when using PAO+APE. However, the friction coefficients and wear of all surfaces when using PAO+APE were lower than those when using only PAO. Therefore, even though the products that formed during friction when using APE differed depending on the surface material, APE effectively reduced both friction coefficients and wear.
Effect of lubricant additives upon friction properties
As shown in Figs. 4 to 7, surfaces with low friction coefficients had low wear, and friction coefficients and wear exhibited the same tendency. On the other hand, surface analysis using XPS showed that the products that had formed during the friction test had different tendencies depending upon the substrate material. We think that boundary lubrication films formed during the friction tests that used lubricants due to the reactions between the lubricants and the surface materials, and that these boundary lubrication films affected the tribological properties. The thickness of the boundary lubrication films could have differed depending on the surface materials and additives and be compared from the XPS peak area ratios of the carbon to metal substrates. Table 2 shows C(1s)/(Au(4f)+Cr(2p)), C(1s)/Au(4f) and C(1s)/Cr(2p) peak area ratios of the nanostripe and flat surfaces after the friction tests when using PAO and PAO+APE as estimated by XPS. All the signal intensities were normalized by the photoionization cross section of each element. For the Au flat surface, the C(1s)/Au(4f) peak ratio of the surface when using PAO was higher than that when using PAO+APE. On the other hand, for the Au-Cr nanostripe surface and Cr flat surface, C(1s)/(Au(4f)+Cr(2p)) and C(1s)/Cr(2p) peak ratios of the surfaces when using PAO were lower than those when using PAO+APE. From the results shown in Table  2 , for the Au surface, the boundary lubricant film that had formed when using PAO was thicker than that when using APE. XPS spectra on Au flat surface hardly changed with the addition of APE (cf. Fig. 8 to 9 ). We think that, in the case of the Au flat surface, parts of the boundary lubricant films derived from APE were removed when the Au surface was cleaned, and that lubricant films that remained on the surface were mainly derived from PAO. On the other hand, in the case of the Cr flat surface, the C(1s)/Cr(2p) peak ratio when using PAO+APE increased to 2.7 times of that when using PAO, indicating that the lubricant films that had formed on the Cr flat surface when using PAO+APE were thick. Moreover, Figs. 8 to 10 show that peaks, which assigned to C-O-P and polyphosphate, were observed, indicating that the boundary lubricant films contained compounds bound to phosphorus which reduced the friction coefficients and wear. Therefore, the addition of APE reduced the friction coefficients and wear on both the Au and Cr flat surfaces. However, the lubricant film adsorbed more strongly on the Cr surface than on the Au surface. We think that the boundary lubricant film derived from APE mainly remained on the Cr parts of the Au-Cr nanostripe surface.
In this study, we used nanostripe and flat surfaces as model surfaces to examine the effects of lubricant additives. We found that the adsorption of lubricant film differed depending on the surface and the effects of the additives were observable on the Au-Cr nanostripe surfaces. To examine the effects of additives further, in-situ analysis using FT-IR and changing the ratio of elements or the size of nanostripe might be possible approaches.
Conclusions
The tribological properties of an Au-Cr nanostripe surface, Au flat surface and Cr flat surface were investigated to examine the effects of lubricant additives. Friction tests were performed using a pin-on-plate tribometer and the surfaces were analyzed after the friction tests using XPS. The results of the friction tests showed that the addition of APE to the lubricants reduced the friction coefficients and wear for the Au-Cr nanostripe surface, Au flat surface and Cr flat surface. The XPS spectra on the Au flat surface showed the same tendency when using PAO and PAO+APE. On the other hand, XPS spectra on the Cr flat surface showed that the chemical states of the lubricant films that formed were different when using PAO than when using PAO+APE. Therefore, even though the products that had formed during the friction test when using APE differed Table 2 C(1s)/(Au(4f)+Cr(2p)), C(1s)/Au(4f) and C(1s)/Cr(2p) peak ratios of nanostripe and flat surfaces after friction tests using PAO and PAO+APE estimated by XPS 
